The role of the pulmonary vasculature in the pathogenesis of ventilator-induced lung injury is not well established. In this study, the authors investigated the effect of vascular remodeling due to chronic pulmonary hypertension on susceptibility to ventilator-induced lung injury. The authors hypothesized that the enhanced vascular tensile strength associated with pulmonary vascular remodeling would protect against ventilator-induced lung injury.
CLINICAL data demonstrate that higher tidal volumes are in general associated with greater mortality than lower tidal volumes 1 ; this has been attributed to lung injury associated with injurious ventilation. Ventilator-induced lung injury (VILI) has been mainly studied in short-term animal models. 2 Previous examples include surfactant depletion, 3 oleic acid administration, 4 acid aspiration, 5 acute sepsis or lipopolysaccharide exposure, 6 and ischemiareperfusion. 7 Most investigations of VILI have focused on the inflammatory 8 or alveolar elements of lung injury, 2 and the pulmonary vasculature-although obviously central to any considerations of pulmonary pathophysiology-has received less attention. Nevertheless, information that is available suggests that the vasculature might be important in the pathogenesis of VILI for the following reasons. First, exposure of the lungs to high stretch during mechanical ventilation is associated with structural failure that has been termed stress failure, 9, 10 which corresponds to physical fractures in pulmonary endothelial as well as epithelial cell membranes. Second, during positive-pressure ventilation, interactions between intravascular pressure [11] [12] [13] or flow 14, 15 affect the propensity to lung injury. Third, vasoactive prostanoids that are known to cause or exacerbate pulmonary hypertension are increased in experimental ventilator-induced lung injury, 16 and inhibition of prostanoid synthesis can reduce the pulmonary vascular responses associated with such injury. 17 Fourth, structural elements of the pulmonary vasculature may play a role, e.g., the threshold for mechanical failure of the alveolar-capillary barrier is related to the thickness of the capillary basement membrane. 18 In the current study, we explored the effect of a relatively common clinical condition, secondary chronic pulmonary arterial hypertension, on the development of VILI. We conclude that chronic pulmonary artery hypertension is protective through vascular remodeling which enhances vascular mechanical strength.
Materials and Methods

Animal Selection and Care
Male Sprague-Dawley rats were selected (Charles River, Montreal, Quebec, Canada). The study was conducted according to the guidelines of the Canadian Committee for Animal Care and was approved by the Animal Care Committees of the Hospital for Sick Children and Sunnybrook Research Institutes, Toronto, Ontario, Canada.
Chronic Hypoxia-induced Pulmonary Hypertension
Rats were placed for 28 -29 days in chambers (80 ϫ 60 ϫ 50 cm) in which the atmosphere was controlled using automated controllers (OxyCycler Model A84XOV; Biospherix, Redfield, NY) as previously described. 19 Gas delivery was automatically adjusted to maintain an oxygen concentration of 10 Ϯ 0.1%, and oxygen sensors were calibrated weekly. Temperature was maintained at 25°Ϯ 1.0°C, humidity at 50%, and carbon dioxide concentration at less than 0.5%. Temperature, humidity, and the ambient oxygen and carbon dioxide concentrations were continuously monitored, recorded, and regulated by personal computer using customized software (AnaWin2 Run-Time, version 2.2.18; Watlow-Anafaze, St. Louis, MO). Food and water were available ad libitum. Chambers were opened daily for approximately 5 min to replenish water and food.
Anesthesia and Ventilation
Animals were anesthetized with ketamine (75 mg/kg intraperitoneal) and xylazine (5 mg/kg intraperitoneal), a tracheotomy (14°endotracheal tube) was performed, and mechanical ventilation (Harvard Rodent Ventilator 693; South Natick, MA) was instituted at the following settings: respiratory rate, 45 min Ϫ1 ; tidal volume, 7 ml/kg and adjusted to normocapnia; positive end-expiratory pressure, 1 cm H 2 O; and fraction of inspired oxygen (FIO 2 ), 0.21. Anesthesia, instrumentation, and monitoring were as previously described, 20 and the animals were then allowed 10 min for stabilization.
Five groups of animals were studied. Chronic pulmonary arterial hypertension (CPAH) was induced by exposure to chronic hypoxia, and animals were thereafter randomly allocated to one of the following three groups:
• Chronic pulmonary hypertension, no ventilation • Chronic pulmonary hypertension, ventilated with high tidal volume • Chronic pulmonary hypertension (acutely reversed), ventilated with high tidal volume Control rats that had not been exposed to hypoxia (i.e., normotensive controls) were randomly allocated to one of the following two groups:
• Normotensive control, no ventilation • Normotensive control, ventilation with high tidal volume
Study Protocol
Animals allocated to no ventilation were exsanguinated, and the tissues were collected as outlined below. Animals allocated to high-tidal volume (i.e., injurious) mechanical ventilation were treated as follows. After measurement of baseline respiratory system compliance, ventilation was commenced (respiratory rate, 30 min Ϫ1 ; peak inspiratory pressure, 30 cm H 2 O; FIO 2 , 0.30; fraction of inspired carbon dioxide [FICO 2 ], 0.05) and continued for 90 min. This ventilation strategy produced lung injury in previously normal control rats in pilot experiments. The peak inspiratory pressure, systemic arterial blood pressure, and body temperature were recorded throughout the experiment. Arterial blood gases at baseline, 30 min, and 90 min were obtained. FICO 2 was adjusted when necessary to maintain arterial carbon dioxide tension (PaCO 2 ) at 35-50 mmHg. After 90 min of mechanical ventilation, respiratory system compliance was measured and postmortem investigations were performed.
Acute Reversal of Pulmonary Hypertension
The Rho-kinase inhibitor (ROCK) Y-27632 [(ϩ)-R-trans-4-aminoethyl-N-4-pyridylcyclohexanecarboxamide2HClH 2 O] (Biomol International, Plymouth Meeting, PA) was administered (15 ml/kg intraperitoneal) to reverse pulmonary hypertension, as previously described. 21 Two-dimensional echocardiography was performed at baseline and at 5 and 30 min after administration to assess the change in pulmonary arterial pressure. High-tidal-volume ventilation was started 35 min after injection.
Two-dimensional Transthoracic Echocardiography
Echocardiography was performed using a Hewlett-Packard Sonos 5500 echocardiographic system (M2424A; Andover, MA) with a 7.5 MHz transducer at a sweep speed of 150 cm/s as previously described. 22, 23 A high-frequency phased array sector probe (iL10) that allowed image acquisition at a rate of 400 frames per second was used. Pulmonary artery acceleration time and right ventricular ejection time were measured from a pulse wave Doppler trace of pulmonary artery outflow. Specifically, from a short axis view at the level of the aortic valve, the Doppler signal was obtained in the main pulmonary artery at the level of the valve hinge points. The pulmonary artery pressure was then calculated from the pulmonary artery acceleration time as previously reported. 22 Left ventricular contractility was estimated by calculating the shortening fraction. For all echocardiographic data, the average of three readings was used.
Lung Sampling and Bronchoalveolar Lavage
Animals were exsanguinated by transection of the abdominal vena cava and aorta, and the lungs and heart were removed en bloc. The left main bronchus was ligated, the left lung was excised, and bronchoalveolar lavage (BAL) was performed in the right lung. Five milliliters normal saline was slowly instilled (over 30 s), after which the fluid was slowly withdrawn and reinfused another two times; the recovered fluid was snap frozen and stored at Ϫ80°C. The left lung was weighed at this time and again after 1 week of drying time, to calculate lung wet/dry weight ratio. 24 Respiratory System Compliance Quasi-static pressure-volume curves were constructed before and after the injurious ventilation as follows. After standardization of lung volume with a two-breath recruitment maneuver, 1.0-ml aliquots of 100% oxygen were injected, and measurements of pressure were attained 3 s after each injection until a cumulative volume of 5.0 ml had been injected. The pressure was measured and recorded at the external opening of the endotracheal tube with a Validyne MP45 pressure transducer (Validyne Engineering Corp., Northridge, CA). 24 
Cytokine Determination
The concentration of tumor necrosis factor ␣, interleukin 1␤, and interleukin 6 in the BAL fluid and serum was measured using bead technology (Luminex ® ; Biosource, Camillaro, CA) as previously described.
25,26
Confirmation of Chronic Pulmonary Hypertension
The extent of right ventricular hypertrophy was used to confirm development of chronic pulmonary hypertension as previously described. 27 At the end of each experiment, the heart was excised and the atria removed. The right ventricular free wall was separated from the left ventricle and the septum, and the weights of the right ventricle and of the left ventricle plus septum were recorded. Each specimen was weighed, and chronic pulmonary hypertension was inferred where the ratio of the weights (i.e., right ventricle/[left ventricle ϩ septum]) was greater than 35%. 28 
Exclusion Criteria
After stabilization and before institution of injurious ventilation, the following values were required for continuing with the experiment: arterial oxygen tension (PaO 2 ) greater than 65 mmHg, PaCO 2 35-45 mmHg, and pH 7.35-7.45. Where such criteria were not fulfilled, parameters were reassessed after an additional 10 min of baseline ventilation and stabilization, and in the absence of the above criteria, the animals were not included. Finally, animals that were exposed to chronic hypoxia and did not develop pulmonary hypertension were excluded.
Electron Microscopy
Electron microscopy was used to examine the ultrastructure in three additional animals in each group as follows:
• Pulmonary hypertension, injurious ventilation • Pulmonary hypertension, no ventilation • Normotensive controls, injurious ventilation • Normotensive controls, no ventilation Induction of CPAH and initiation of injurious ventilation was as described in the Study Protocol section, but in the current series, animals were killed after 40 min (as opposed to 90 min) of ventilation because pulmonary edema develops within 50 -60 min of injurious ventilation in this model (pilot data). After 40 min, each animal was killed, and the lungs were prepared for electron microscopy using a fixative (1% glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer) instilled through the endotracheal tube at a pressure of 25 cm H 2 O until the lungs were fully inflated. The trachea was then ligated, and the lungs were removed and submerged into the fixative. Median segments of lung were then excised from the right caudal lobe of each lung and minced into mm 3 pieces, fixed for an additional 4 h and stored in 0.1 M phosphate buffer, pH 7.4. Samples were then postfixed in osmium tetroxide, dehydrated in an ascending series of acetone, infiltrated with Embed 812 Araldite (Electron Microscopy Sciences, Hatfield, PA), and polymerized in Embed 812 Araldite using a microwave tissue processor (Pelco, Redding, CA). Light microscopy sections 1 m thick were cut with an ultramicrotome (Reichert Ultracut; Toronto, Canada) and stained with toluidine blue from five blocks. Sections for electron microscopy were then cut from two blocks from each animal chosen from the sections that contained the most alveoli and were mounted on grids. They were then stained with uranyl acetate and lead citrate before examination in a transmission electron microscope (JEOL JEM 1230; JEOL, Peabody, MA). Samples were then examined qualitatively for the presence of inflammation and endothelial alterations including thinning and separation of the type I cells from the endothelial cells.
Morphometric Analysis
Eighty random images from the two samples from each animal were captured using the transmission electron microscope and a digital charge-coupled device camera (Advanced Microscopy Technics Corp., Danvers, MA) at a screen magnification of ϫ30,000. The images were then exported to an image analysis program (Scion Image, Frederick, MD), and a computer-generated grid was imposed on each of the images. Measurements were only taken at grid intersects and the following parameters measured: type I cell thickness, alveolar wall thickness, interstitial thickness, endothelial cell thickness, and basement membrane thickness. A minimum of 150 measurements were performed on each animal's defined parameter.
Control Normotensive Animals Pretreated with Rho-kinase Inhibitor
An additional study was performed to exclude potential protective effect of ROCK inhibition on lung injury. A group of six normotensive control rats, pretreated with ROCK inhibitor (Y-27632, 15 ml/kg intraperitoneal), were ventilated with high tidal ventilation as described in the Study Protocol section.
Statistical Analysis
Data were analyzed using SigmaStat (version 2.0; Jandel Corporation, San Rafael, CA). One-way analysis of variance was performed for multiple group comparisons. First, all data were tested for normality, and where that failed, the data were transformed (log 10 transformation). If the transformation did not result in normalization, the untransformed data were analyzed using analysis of variance on ranks followed by post hoc Dunn test. Where transformed data were normally distributed, the transformed data were analyzed using analysis of variance followed by Student-NeumannKeuls testing. A paired t test was performed to evaluate the effect of ventilation within each group. To protect against type 1 error in the pulmonary hypertension data ( fig. 1) , a repeated-measures analysis of variance was performed, and a protected post hoc comparison was made between each measurement and baseline. Results were expressed either as mean Ϯ SD or as median and interquartile range. Statistical significance was set at P Ͻ 0.05.
Results
Baseline Characteristics
All baseline variables are reported in table 1. Animal weight and baseline PaO 2 were comparable among the five groups. Right ventricular hypertrophy was present in the three pulmonary hypertensive groups and not in the two normotensive control groups (table 1) .
Acute Reversal of Pulmonary Hypertension
Injection of the ROCK inhibitor (Y-27632) resulted in a significant decrease in pulmonary arterial systolic pressure (by approximately 40%) after 5 min, which was maintained at 30 min ( fig. 1 ) and did not alter right ventricular size, heart rate, or left ventricle shortening fraction (data not shown).
Effects of Ventilation on Lung Injury
After 90 min of mechanical ventilation with high tidal volume, lung injury was significantly greater in the normotensive versus the hypertensive groups, in terms of worsening of oxygenation ( fig. 2A) , impairment of compliance ( fig. 2B ), and development of edema ( fig. 2C ). Reduction in pulmonary hypertension with the ROCK inhibitor (Y-27632) before exposure to high-tidal-volume ventilation had no impact on the development of lung injury ( figs. 2A-C) . Finally, inhibition of ROCK did not alter the development of VILI in normotensive (control) animals (figs. 2B and C).
Effects of Ventilation on Cytokine Release
Cytokine levels in the BAL and serum were similar among all groups in the absence of mechanical ventilation (table  2) . After 90 min of high-tidal volume ventilation, the BAL levels of interleukin 6 were significantly increased in the hypertensive groups. The tumor necrosis factor-␣ levels in plasma were significantly increased only in the normotensive group (table 2) . The levels of interleukin 1␤ were unchanged in all groups except in the in the group in which pulmonary hypertension was acutely reversed; here, the plasma level increased significantly compared with nonventilated hypertensive animals (table 2).
Ultrastructural Changes
The mean thickness of basement membrane in the hypertensive rats was significantly greater compared with the normotensive rats (0.047 Ϯ 0.01 vs. 0.025 Ϯ 0.09 m, respectively; P Ͻ 0.001), and the thickness of various other layers was not different among groups (hypertensive vs. normotensive) at baseline. However, after 40 min of mechanical ventilation, there was significant thinning of the walls of the alveoli, interstitium, and endothelium in the normotensive animals; this thinning was not observed in the animals with pulmonary hypertension (data not presented). Finally, epithelial and endothelial breaks induced by high tidal volume were observed in the normotensive but not the hypertensive animals ( fig. 3 ).
Discussion
The occurrence of ventilator-associated lung injury in humans is extrapolated from the observations that changes in ventilation strategies affect outcome. Most of our knowledge regarding VILI is from animal studies conducted in normal or previously injured lungs. 7, 24 In the current study, we chose to investigate the impact of mechanical ventilation in a well-characterized, clinically relevant condition, secondary pulmonary hypertension. The current results suggest that chronic structural changes in the lung vasculature may offer protection against injury from mechanical stretch.
Lung Injury and the Pulmonary Vasculature
The exact role of the pulmonary vasculature in the pathogenesis of VILI is not well established. However, (5) 10 (9, 12) 10 (9, 10) 17 (16, 38) 100 (64, 302) 0.5 (0.5, 5) 11 (11, 14) Normotensive control (12) Ventilated (7) (5) 9 (7, 10) 11 (9, 12) 28 (23, 39) 58 (39, 90) 0.5 (0.5, 1) 12 (11, 12) Data are expressed as median (interquartile range). Cytokine concentrations are expressed in pg/ml.
* Significantly different from nonventilated pulmonary hypertensive animals (P Ͻ 0.05). † Significantly different from nonventilated groups.
BAL ϭ bronchoalveolar lavage.
injurious ventilation in small animals can result in alveolar hemorrhage, 29, 30 and several studies in isolated perfused lungs indicate that acute changes in pulmonary artery pressure, 13 left atrial pressure, 11 or increased pulmonary blood flow 14 can worsen VILI. Others described the effects of increased pressure and shear forces in the pulmonary vessels on mediator release and VILI, 31 and that the combination of increase in transmural pressure and lung volume cause a stress failure of the microvascular (i.e., capillary) vessel walls. 9 In addition, activation of the renin-angiotensin system may be pathogenic in VILI, through involvement of the lung vasculature.
32,33
The current study demonstrated that animals with normal pulmonary vasculature that are exposed to injurious ventilation developed pulmonary edema with significant impairment of compliance and gas exchange whether they were pretreated or not with ROCK inhibitor. The pulmonary edema was preceded by structural deformity of the blood gas barrier, which occurred within the first 40 min of ventilation, but animals with CPAH that were exposed to the same ventilation strategy-indeed with even higher tidal volume because of higher baseline compliance as previously described 34 -were not affected, whether or not pulmonary artery pressure was acutely reduced.
Confirmation of these effects by electron microscopy underscores the site of structural deformity, i.e., the blood gas barrier, and the pivotal role of "mechanical" injury in the early development of pulmonary edema and VILI in such small animal models.
Potential Mechanisms
The striking structural failure at the level of the alveolar capillary barrier observed on electron microscopy in the control animals without pulmonary hypertension and the absence of these findings in hypertensive animals suggest that the protection could be attributed to the structural changes associated with CPAH 35, 36 and specifically the changes in the basement membrane. 36 Indeed, others have shown that the integrity of the alveolar-capillary barrier is related to the capillary basement membrane strength, 18 which is in turn related to both its thickness 37 and the matrix collagen content. 38 These data do not prove the mechanism but constitute supportive evidence. Capillary stress failure through increase in capillary transmural pressure and transpulmonary pressure plays a major role in lung injury during ventilation with high tidal volume. 9, 18, 39 Therefore, we suggest that the greater thickness of basement membrane observed in the hypertensive group offers greater mechanical strength to the alveolar capillary barrier and protection against the stress failure during high-tidal-volume ventilation.
Finally, a similar trend in cytokine release was observed among groups (table 2) , where interleukin 6 and tumor necrosis factor ␣ increased in the BAL and plasma after injurious ventilation in normotensive and pulmonary hypertensive animals (table 2) . Although the sample size is small and the variability high, the data may suggest that pulmonary hypertension results in greater resistance to the inflammatory effects of mediators or that such mediators play a lesser a role in the pathogenesis of VILI than previously thought. 40 
Potential Clinical Implications
Secondary pulmonary hypertension is a relative common complication of chronic lung disease and may be associated with increased morbidity and mortality. Although this study shows that chronic pulmonary vascular changes may offer protection against injury from mechanical stretch, the time course and the model design are very different from lung injury observed in the clinical context.
Study Limitations
The current study was design to determine whether changes associated with chronic pulmonary hypertension could affect the development of VILI. A well-established model of CPAH, the chronic hypoxia model, was used.
27 Then, to isolate the confounding effects of pressure, 13, 41 an additional group of animals were treated with a ROCK inhibitor to acutely reverse raised pulmonary vascular resistance. 42 However, the current study has several limitations. First, we cannot exclude the possibility that mechanical ventilation may have differentially affected pulmonary artery flow and pressure. Second, the plateau pressure was not measured. Therefore, it is possible that in the different groups, although exposed to identical peak inspiratory pressure and similar tidal volume (based on body weight), were in fact subjected to different degrees of local stress or strain. Third, because wet/dry weight was not measured in nonventilated animals, it is theoretically possible that the wet/dry differences observed between the normotensive and hypertensive ventilated animals reflect a preexisting (before ventilation) difference in this ratio. However, we believe that the reduction in respiratory system compliance and PaO 2 in combination of capillary breaks and obvious pulmonary edema observed in the normotensive animals at termination of the experiment support the differences observed in wet/dry and the occurrence of pulmonary edema.
Summary and Conclusions
Chronic pulmonary hypertension reduced the susceptibility to VILI in rats; these effects do not seem to be due to the presence of pulmonary hypertension per se, but rather to due to the associated vascular remodeling.
